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Increasing industrialization and urbanization result in emission of pollutants in the
environment including toxic heavy metals, as cadmium and lead. Among the different
heavy metals contaminating the environment, cadmium raises great concern, as it is
ecotoxic and as such can heavily impact ecosystems. The cell wall is the first structure
of plant cells to come in contact with heavy metals. Its composition, characterized by
proteins, polysaccharides and in some instances lignin and other phenolic compounds,
confers the ability to bind non-covalently and/or covalently heavy metals via functional
groups. A strong body of evidence in the literature has shown the role of the cell wall in
heavy metal response: it sequesters heavy metals, but at the same time its synthesis and
composition can be severely affected. The present review analyzes the dual property of
plant cell walls, i.e., barrier and target of heavy metals, by taking Cd toxicity as example.
Following a summary of the known physiological and biochemical responses of plants to
Cd, the review compares the wall-related mechanisms in early- and later-diverging land
plants, by considering the diversity in cell wall composition. By doing so, common as
well as unique response mechanisms to metal/cadmium toxicity are identified among
plant phyla and discussed. After discussing the role of hyperaccumulators’ cell walls
as a particular case, the review concludes by considering important aspects for plant
engineering.
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INTRODUCTION
Plants, differently from animals, are sessile organisms and there-
fore cannot escape from potentially life-threatening conditions.
This, in part, explains the great metabolic plasticity of plant
cells, which have evolved mechanisms enabling them to adapt
to and cope with environmental challenges. Plants growing on
contaminated soils typically display either tolerance or avoidance.
Plants tolerate heavy metals by sequestering them in specific plant
organelles to keep them segregated from vital cellular compo-
nents, or by the synthesis of enzymes involved in detoxification.
Alternatively, the uptake and translocation of the heavy metal is
decreased. However, there is a wide diversity in the details of the
response, and species- or even clone-specific molecular responses
have been recorded. Cadmium (Cd) is known to be phytotoxic
and to affect plant physiological processes, from roots to shoots.
Adverse effects caused by Cd are of considerable importance for
all plants but, from an agricultural point of view, Cd is a toxic
environmental pollutant that affects crop productivity (Du et al.,
2012). While numerous reports have analyzed the cellular and
enzymatic mechanisms involved in the response to Cd stress in
plants, only a handful of studies have focused on the role of the
plant cell wall. The cell wall is the outermost structure of plant
cells and therefore the first in contact with the environment. It
has important chemical characteristics, which make it a very good
biosorbent of heavy metals. The presence of different functional
groups (e.g., carboxyl, hydroxyl) deriving from the different wall
polysaccharides favors for instance ion-exchange mechanisms
with wall counter-ions. The cell wall is in its turn affected by heavy
metals, since both its biosynthesis and composition can be altered.
This leads to modifications in its physico-chemical properties
which increase the binding capacity and at the same time lower
the entry of heavy metals in the protoplast (Krzesłowska, 2011).
IMPACT OF Cd POLLUTION ON PLANT CELLS AND ORGANS
Cd can have many consequences on plant physiology. It can affect
both shoot growth and leaf biomass in Zea mays by impairing
chlorophyll synthesis and by promoting the expression of defense
proteins (Lagriffoul et al., 1998). In garlic (Allium sativum), Cd
reduces root growth in a concentration-dependent manner (Liu
et al., 2003).
It is also capable of damaging processes related to plant
reproduction, with logical impacts on plant dispersal and bio-
diversity. For example, Cd can affect pollen germination and
pollen tube growth by altering the polarization mechanism and
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by inducing abnormalities within the cell, such as blocking cyto-
plasmic streaming and alteration of the cytoplasmic organization
(Sawidis, 2008). Moreover, in a recent study, the influence of
exposure to a variety of heavy metals on the germination of
23 flax cultivar seeds was assessed. Using root elongation as
the main parameter, large cultivar-dependent differences were
found for some heavy metals (notably Cd, Ni and Co), while
for other metals a more homogenous influence is described
(Soudek et al., 2010).
The impact of Cd on crops can also be exerted by negatively
influencing the translocation of nutrients, especially of minerals;
in Cd-exposed tomato K, Fe, Mn, and Zn are reported to be poorly
translocated in roots, while P and Mn uptake is drastically reduced
in fruits (Moral et al., 1994). In pea, Cd has effects on both roots
and leaves, and a significant inhibition of growth is combined
with a reduction of transpiration and photosynthesis rate, as well
as a general deterioration of the nutrient status (Sandalio et al.,
2001). These are just a few examples describing the broad range
of Cd-caused impacts on plants. For more information on the
overall effects caused by Cd, readers can refer to specific reviews
(Benavides et al., 2005; Qadir et al., 2014).
Cd is essentially absorbed by roots, but it localizes to all plant
organs and tissues. Leaves are usually the preferential accumu-
lation site of Cd. In leaves, Cd accumulates in different regions,
which correspond to less metabolically active areas and to forth-
coming necrotic regions. This suggests that an active metabolism
might be required to detoxify Cd in plants and that the absence of
detoxification mechanisms precedes necrotic events (Cosio et al.,
2005). In the leaves of sensitive plants, Cd exerts its toxic activity
by inducing chlorosis, thereby inhibiting growth. The effects
caused by Cd range from morphological changes to reduction
of the photosynthesis rate to decreased transpiration up to cell
apoptosis (Souza et al., 2011).
Cd also affects the structure and function of roots. In Allium
cepa, Cd treatment induces abnormalities, such as extensive vac-
uolization, condensation of the cytoplasm, damages to mito-
chondrial cristae, plasmolysis, and condensation of chromatin.
Although dense granules were detected between the cell wall and
the plasma membrane, no specific sites of Cd-accumulation were
found in the cell walls of Allium roots (Liu and Kottke, 2004).
As plants are exposed to different environmental stresses, the
effects of Cd contamination cannot be isolated from injuries
caused by other environmental stresses and it might sometimes
be difficult to predict the combinatory effect (Mittler, 2006). The
simultaneous presence of different stresses might multiply the
negative effects; however, as already observed in rice seedlings, one
type of stress can also partially suppress the effects of another. In
rice, for example, heat stress can ameliorate the negative effects
of Cd pollution through the activation of protective systems
based on anti-oxidant activities (Shah et al., 2013). However,
the study of combined stresses is much less advanced than that
of single stresses, although some studies have been performed
combining Cd-exposure with other treatments (Sergeant et al.,
2014). Given that polluted soils are generally not contaminated
with Cd alone, the exposure of plants to mixtures of metals (Printz
et al., 2013a,b), or the use of real-life polluted soils in experiments
(Evlard et al., 2014a), could give new insights into the metabolic
adjustments of plants when exposed to high concentrations of
trace nutrients.
ROLE OF PHYTOCHELATINS AND METALLOTHIONEINS IN
THE RESPONSE OF PLANTS TO Cd STRESS
Although Cd is a generally toxic contaminant of the ecosystem,
plants have evolved diverse mechanisms to respond to Cd con-
tamination of their growth substrate. As for many compounds
with detrimental effects on cellular metabolism, the toxicity of
Cd is often alleviated through its sequestration to specific cellular
compartments, such as vacuoles, or within specialized cells, such
as trichomes (Harada et al., 2010). Adaptation of plants to Cd-
contaminated soils might also rely on the symbiotic cooperation
with other organisms. In Medicago sativa, colonization of roots
by arbuscular mycorrhizae increases the tolerance of plants to Cd
and the decreased Cd toxicity observed is somewhat proportional
to the extent of colonization. It is likely that fungi possess a
battery of enzymatic activities/mechanisms capable of chemically
modifying Cd, thereby making it less toxic (Wang et al., 2012).
The cell wall can act effectively as a biosorbent of Cd, alle-
viating the toxic effects of this heavy metal. It is clear that the
cell wall-based protection mechanism is only one of the processes
used by plants to cope with the damage induced by Cd. Before
exploring more specifically the molecular mechanisms in which
the cell wall is involved, it is necessary to introduce the other
protective mechanisms with which plants are equipped. These
are based on specialized oligopeptides (namely phytochelatins
and metallothioneins), on biochemical responses and on the
intracellular sequestration of Cd.
Plants can respond by producing specific chelating agents,
such as phytochelatins, that complex with Cd, thereby reducing
its toxic potential (Carrier et al., 2003). The production of phy-
tochelatins coincides with the activation of sulfur metabolism.
This increases the synthesis of cysteine and of reduced glutathione
(GSH), an antioxidant precursor of phytochelatins (Zhang and
Shu, 2006). Increased levels of sulfur can also affect the dis-
tribution of Cd in plants by remobilizing it from the cell wall
to the cytosolic compartment. As sulfur is important in the
biosynthesis of sulfhydryl proteins, it is suggested that a higher
content of sulfur generates larger amounts of proteins capable of
sequestering Cd in the cytosol, thereby reducing the accumulation
of the metal in the cell wall (Zhang et al., 2014c). Therefore,
the availability of sulfur might control the synthesis rate of these
sulfur-rich proteins (Loeffler et al., 1989; Uegsegger et al., 1990).
Although this information is inferred from indirect observations
(i.e., by determining that, in the presence of higher levels of sulfur,
Cd is preferentially located in the vacuole), this also suggests that
the balance between cell wall-bound and cytosol-associated Cd
depends on the availability of proteins capable of sequestering Cd.
The use of phytochelatins for the detoxification of Cd-stressed
plants is considered an important mechanism, but its actual role
is still unclear and seems to be organ-dependent. Roots of the
hyperaccumulator Sedum alfredii do not make efficient use of the
phytochelatin-based mechanism for protection against Cd, while
this process is conversely used in the shoots of the same plant
(Zhang et al., 2010b). The use of different tolerance mechanisms
in shoots and roots is also found in other hyperaccumulators
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such as Typha angustifolia, one based on GSH-related antioxidant
systems (in leaves) and the other based on GSH-related chelation
system (in roots; Xu et al., 2011).
An important class of cysteine-rich proteins binding heavy
metals in plants and animals are metallothioneins (MTs). Their
role in heavy metal stress in plants is known and their potential
use in biotechnology is supported by recent studies, which have
analyzed the effects of MTs overexpression in Arabidopsis thaliana
and tobacco (Gu et al., 2014; Zhou et al., 2014). The transformed
plants showed increased tolerance to Cd stress, which was accom-
panied by a lower accumulation of H2O2 in A. thaliana and by a
higher ROS scavenging activity in tobacco.
Data in the literature indicate that a universal mechanism
of Cd tolerance is not present and that different, often closely-
related plants, respond differently when exposed to Cd. For
instance, Cd-tolerant cultivars of black oat (Avena strigosa) accu-
mulate Cd in the leaves, mainly in the cell wall. Those plants
use a phytochelatin-based response when exposed to Cd, but
also induce the up-regulation of ascorbate peroxidase and super-
oxide dismutase, indicating that an anti-oxidant response is
triggered upon Cd treatment. By contrast, the phytochelatin-
based response appears unimportant in Cd- sensitive plants,
although their total content increased upon heavy metal exposure
(Uraguchi et al., 2009).
OTHER FACTORS AFFECTING THE RESPONSE/ADAPTATION/
DEFENSE OF PLANTS TO Cd
The number and diversity of resistance mechanisms used by
plants might be larger than expected. For example, it was reported
that treatment of Cd-stressed plants with salicylic acid alleviates a
number of effects caused by Cd. It is likely that the positive effects
of salicylic acid are not directly correlated with the removal of
Cd, but with the activation of response and defense genes, which
in turn may code for enzymes involved in the maintenance of
homeostasis of plant cells (Moussa and El-Gamal, 2010). Acti-
vation of pathogenesis-related defense proteins of the glucanase
family is likely to be a common trait of many plants in response
to Cd. This process was observed in different plants, for instance
maize and soybean treated with Cd and other metals, suggesting
that this defense mechanism is shared by relatively distant species
(Piršelová et al., 2011).
The response of plants to Cd also requires the activation
of enzymes capable of refolding proteins, as one of the most
dramatic effects of intracellular Cd is protein denaturation.
Therefore, some of the enzymes activated during response and
adaptation to Cd belong to the chaperone family and chaperone-
like proteins are likely active during the response to Cd pollution.
As Cd can denature proteins, heat-shock proteins (HSPs) are
involved in the refolding of denatured proteins and indeed levels
of HSPs have been reported to increase after Cd treatment (Sergio
et al., 2007). Increased levels of HSP70 were also detected in the
bryophyte Conocephalum conicum exposed to Cd and Pb, suggest-
ing that the need to refold proteins is a prerequisite to maintain
cellular activity during heavy metal stress (Basile et al., 2013).
In pea roots, Cd and Cu treatment were reported to affect
the enzymatic activity of proteins involved in the oxidation and
peroxidation of cell wall components, such as guaiacol peroxi-
dase, ascorbate peroxidase, coniferyl alcohol peroxidase, NADH
oxidase and indole-3-acetic acid (IAA) oxidase (Chaoui et al.,
2004). The evidence that Cd might increase the activity of cell
wall-bound coniferyl alcohol peroxidase is of particular interest
because this enzymatic activity metabolizes coniferyl alcohol, a
monolignol used as substrate presumably involved in the lignifica-
tion process (Quiroga et al., 2001). This suggests that Cd pollution
might have severe repercussions on the development of secondary
cell walls, by reducing their rigidity and robustness. An increase in
guaiacol peroxidase activity was also reported in lichens exposed
to higher concentrations of Cd (Sanità Di Toppi et al., 2005). As
lichens are fungi-algae symbionts generally resistant and tolerant
to heavy metal pollution, the use of plasma membrane-associated
peroxidases might be a general mechanism to counteract the
negative effects caused by Cd.
Changes in cell wall-associated peroxidase activity were also
observed in roots of Brassica juncea stressed by Cd treatment.
Here, Cd increases the activity of ionically cell wall-bound pro-
teins, thereby increasing peroxidase activity too (Verma et al.,
2008). The upregulated peroxidase activity is supposedly involved
in the adaptation mechanism to Cd stress.
Although specific studies have not been conducted to deter-
mine the impact of Cd exposure on the cell wall proteome and
on the diversity of responses in closely related species, numerous
cell wall localized proteins were identified in general proteome
studies on the impact of heavy metal pollution, namely Cd excess,
on plants. These include general stress responsive proteins. For
instance, in a study on two flax cultivars with different tolerance
levels to Cd exposure, the cell wall-localized chitinase increased in
both cultivars, but the protein accumulated at significantly higher
levels in the more tolerant cultivar (Hradilova et al., 2010).
Proteomics studies in poplar found that exposure to Cd
resulted in an increased accumulation of β-1,3-glucanase and
chitinase (Kieffer et al., 2008; Durand et al., 2010). Moreover
Kieffer et al. (2008) identified the significantly higher accumula-
tion of different isoforms of cell wall localized peroxidase, linking
the cell wall and anti-oxidative enzymes found in this compart-
ment with Cd-stress. An intra-specific comparison of different
Populus nigra ecotypes found differences in the mechanism of
tolerance, indicating the variability and highlighting the difficulty
to generate a physiological model, even at the species level. In
Cd-stressed poplar plants, the activity of superoxide dismutase
decreases, while the enzymatic activity of both peroxidase and
catalase increased significantly in roots; this suggests that these
plants trigger a response based on enhanced oxidase activity.
Although the cytology of root cells is significantly altered, these
plants exhibit a considerable capacity as hyperaccumulators and
they have been consequently proposed as phytoremediators (Ge
et al., 2012).
In addition to the various mechanisms outlined above, extra-
cellular compartmentalization is another strategy used by many
plants to limit the injuries caused by Cd. This mechanism involves
the binding and accumulation of Cd in the cell wall, which
serves as a reservoir for Cd. It is capable of concentrating and
accumulating Cd, thus preventing it from penetrating inside the
cell where it can cause damages. In the legume white lupin,
the ability of the cell wall and vacuole-deposited phytochelatins
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to sequester Cd is relatively comparable in stems, but the cell
wall is more effective in both roots and leaves (Vázquez et al.,
2006). This suggests that these organs have specialized cell walls
capable of sequestering Cd, while stems have mostly developed
the phytochelatin-based mechanism for protection against Cd.
Predominant accumulation of Cd in the cell wall of roots was also
observed in Spartina alterniflora (Pan et al., 2012) and Kandelia
obovata (Weng et al., 2012) treated with different concentrations
of Cd. Enhanced accumulation of Cd in the cell wall of leaf cells
was conversely reported in Alternanthera philoxeroides (Xu et al.,
2012a).
Before discussing how Cd affects plant cell wall and how it can
be a barrier against Cd, we need to introduce its key features.
THE PLANT CELL WALL: A LIVING STRUCTURE
Plant cells are enveloped by a layer composed of structural
proteins and polysaccharides (which can be impregnated by the
aromatic polymer lignin), interwoven to form an intricate mesh,
the cell wall. This structure has a complex three-dimensional
organization and is considered an example of a natural biocom-
posite. The plant cell wall constitutes a material with exceptional
mechanical performance and is taken as a model for the creation
of materials with superior properties.
Cell walls protect the living protoplasts against external insults
but, at the same time, they are very plastic since modifications
in their composition and structure are responsible for enabling
cell growth and development. Two types of cell walls can be
distinguished: primary and secondary cell walls. The first is typ-
ically found in actively growing plant cells and is characterized
by the presence of cellulose, pectin and hemicellulose. It is quite
thin and flexible, thus enabling cell expansion (Guerriero et al.,
2014a). Secondary walls are specialized structures synthesized
when plant cells have ceased to elongate. They are responsible for
mechanical strengthening (namely via the deposition of lignin)
and accompany the phase of secondary growth, which determines
the increase in stem girth (Guerriero et al., 2014a,b). The pro-
gressive stem thickening ensures resistance to bending. The main
components of secondary walls are cellulose, xylan and lignin
(Cosgrove and Jarvis, 2012).
A third type of wall (more specifically a wall layer) can be
distinguished, which is found in specialized cell types and/or
in response to mechanical stimuli: the gelatinous wall layer (G-
layer). This type of wall is characterized by the presence of a
thick layer of crystalline cellulose and is typically found in tension
wood. Cells with a G-layer are also found in the stem of fiber crops
like hemp, flax and nettle and are associated with the phloem.
These cells are very long and known as bast fibers (Mellerowicz
and Gorshkova, 2012; Guerriero et al., 2013).
Besides encasing and shielding plant protoplasts, the cell wall
can be affected by nutritional stress and undergoes variations in
composition. For example grapevine callus subjected to deficiency
in S, N, and P showed walls with a decreased content in cellulose,
increased lignin amount, alterations in the methylesterification
of pectin (Fernandes et al., 2013). These results show how plant
cell walls are remodeled in response to mineral deficits and how
their composition is modified according to the stress condition
applied. The plant cell wall indeed takes active part in transmitting
exogenous signals to the interior of the cells: evidences show the
existence of a cell wall integrity (CWI) maintenance mechanism
which is triggered upon exogenous stresses (Hamann and Den-
ness, 2011; Wolf et al., 2012; Engelsdorf and Hamann, 2014).
The knowledge concerning CWI maintenance is far from being
complete; however, given the similarity existing with that of yeast,
both chemical and physical signals are supposed to contribute to
it (Hamann and Denness, 2011). An example of a physical signal
is represented by the weakening of the cell wall (for instance as
a consequence to treatments with drugs like dichlobenil or isox-
aben) up to a point that it can no longer counteract the internal
turgor pressure with consequent cell swelling and bursting. A
weakened wall causes stretching of the plasma membrane and
activation of mechanosensitive channels which trigger an increase
in the cytoplasmic concentration of calcium (Humphrey et al.,
2007; Hamann and Denness, 2011).
Chemical signals are generated upon degradation of the cell
wall by pathogens: for example, pectin-derived oligogalactur-
onides (OGAs) with a specific length, degree of acetylation
and methylesterification, are capable of inducing rapid defense
responses (Hamann and Denness, 2011; Vallarino and Osorio,
2012; Ferrari et al., 2013). The presence of signals, which allow
the wall to “sense” the status of the cell, implies the existence of
receptors that can intercept those signals. Several receptors have
been described in the literature and among them wall associated
kinases (WAKs) have been well studied. Those receptors are
located in the plasma membrane, but have a domain protruding
into the cell wall and a cytoplasmic kinase domain (Anderson
et al., 2001; Humphrey et al., 2007). Their structure is there-
fore ideal to create a continuum cell wall-plasma membrane-
cytoplasm and to transfer the signal from the outside to the inside
of the cell. The role of these receptors is particularly interesting
if one considers the relationship existing between heavy metal
stress and water balance within plant cells. Gating of aquaporins
was recorded within 10 min of heavy metal application to onion
epidermal cells, which results in alterations in the turgor pressure
(Przedpelska-Wasowicz and Wierzbicka, 2011). Since the WAKs
membrane receptors are activated upon changes in turgor pres-
sure (a phenomenon observed in pollen grains of Picea wilsonii
after Cd stress; Wang et al., 2014), their functional study could
provide important insights into the sensing mechanism and reveal
downstream players involved in the signaling cascade.
THE CELL WALL AS A BARRIER TO Cd
The composition of the cell wall shows many differences among
phyla and it has played a vital role for their survival throughout
evolution (Sarkar et al., 2009 and references therein). In the
attempt to understand how different taxonomic groups respond
to Cd (or heavy metals in general), it is valuable to compare the
chemical composition and structure of cell walls from different
phyla. Information might shed light either on alternative resis-
tance mechanisms, or on how to improve the strategy used to
tolerate Cd. The rationale at the basis of this assumption is that
the variety of responses to Cd pollution, as found among different
phyla, might be mirrored by molecular and cytological “tricks”
that plants have evolved at the cell wall level. In discussing this
issue, it is necessary to consider that evidence for the cell wall
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acting as a barrier against Cd (and other heavy metals) is not
immediately clear from every study. The availability of molecular
and structural data is low, which leads to fragmented pictures
strongly affecting the development of a unifying model. More-
over, it is not possible to rule out that a unifying model does not
exist and therefore it is necessary to present individual situations.
The ability of either a plant cell or a plant in toto to tolerate Cd can
be implemented at different levels and with different mechanisms.
In the attempt to outline the different resistance mechanisms in
which cell walls are involved, it is possible to rank them based on
(a) the morphology of the barrier organ (for example the root),
(b) the transport capacity of the contaminant, (c) the absorption
of Cd into the cell wall by polysaccharides or proteins, (d) the
impediment of Cd to penetrate through the plasma membrane.
The first part of the section aims at surveying the wall-related
strategies developed by early- and later-diverging embryophytes.
Charophytes, the closest algal relatives of embryophytes, are also
briefly treated, given their importance in the study of land plant
cell wall origin (Sørensen et al., 2011; Mikkelsen et al., 2014).
The second part of the section discusses the mechanisms of Cd
absorption/translocation in different plant organs and tissues,
while considering the cell wall organization/composition.
PLANT CELL WALL ACROSS DIFFERENT PHYLA: COMPOSITION AND
MECHANISMS OF RESISTANCE TO Cd
Charophyte cell walls possess high amounts of mannose-
containing hemicellulose, glucuronic acid, mannuronic acid, 3-
O-methyl rhamnose (Popper and Fry, 2003) and possess neither
lignin nor cutin. More importantly, they are capable of calcifying
and calcite is known to bind and sequester heavy metals (Gomes
and Asaeda, 2013). The macrophyte alga Chara australis can
accumulate Cd and be used for remediation of contaminated soils
(Clabeaux et al., 2013). Studies carried out on another species of
macrophyte, Chara fragilis, showed that binding of uranyl species
to the cell walls was mainly due to the presence of calcite (Dakovic´
et al., 2008). The biomineralization potential of Charophytes is
therefore very promising for phycoremediation (i.e., the use of
algae for the removal of pollutants) and further studies should be
performed to link the cell wall composition of these algae to their
calcifying potential.
Bryophytes, a group of early-diverging non-vascular plants,
possess walls with mannose-containing hemicellulose, uronic
acids and 3-O-methyl rhamnose, similarly to Charophytes (Sarkar
et al., 2009). They lack lignin, although they contain lignans
and other lignin-like polymers (Sarkar et al., 2009 and references
therein). Bryophytes are known bioindicators of heavy metal
pollution and their walls show high biosorption capacity because
of the numerous ion-exchange sites (e.g., from uronic acids).
The wall of the moss Pohlia drummondii was shown to form,
together with the plasma membrane, an efficient shield against
elevated zinc doses (Lang and Wernitznig, 2011); therefore, the
living protoplast is protected from harmful effects. The moss Scor-
piurum circinatum treated with different heavy metals, including
Cd, immobilized the toxic ions in the cell walls, which is therefore
used as the main detoxification site (Basile et al., 2012).
The Pteridophytes, another group of early-diverging plants,
are very interesting organisms, as their cell walls show special-
ization to support the differentiation of a vascular tissue: galac-
tomannan, glucomannan are abundant in secondary walls of
leptosporangiates and lignin, together with xylan, has also been
observed (Sarkar et al., 2009 and references therein). In the fern
Lygodium japonicum it was shown that the wall pectins bind
copper via homogalacturonans (Konno et al., 2005). In Salvinia
auriculata Cd was shown to induce severe deformations at the
cell wall level. Moreover an opaque layer could be observed along
the middle lamella (Wolff et al., 2012). This finding might be
explained by the binding capacity of pectins, the chief component
of middle lamellas, a feature which is shared by seed plants.
Among Pteridophytes, Equisetales certainly deserve attention, as
their walls show the occurrence of mixed-linkage glucans and
they are known for their biosilicification activity. Interestingly, a
relationship was proposed between these hemicelluloses and Si
mineralization (Fry et al., 2008). It would be interesting to inves-
tigate whether the sequestration of heavy metals by Equisetales
takes place via mixed-linkage glucans.
These data indicate that the cell wall is a target for the accu-
mulation of Cd in early-diverging plants, such as Bryophytes and
Pteridophytes. These organisms use molecular mechanisms that
are compatible with the chemical composition of their cell wall.
However, as outlined above, both the structure and composition
of the cell wall changed during evolution and it is therefore
expected that chemically-different cell walls might respond differ-
ently to Cd pollution. The in-depth study of early-diverging plant
cell wall biosynthesis and composition can reveal fine molecular
details and inspire further avenues for improving the cell wall
capacity to accumulate toxic heavy metals (see section “Future
outlook”).
In later-diverging plants (such as spermatophytes), the increas-
ing number of tissues and organs, coupled with the more sophis-
ticated architecture, also generated cell walls with an increasing
variability at the chemical and physical level. Consequently, it is
likely that the diversity in Cd tolerance extends to the organ, tissue
and even to the cellular level (see next paragraph).
In seed plants, and more specifically in flowering plants, most
of the information was obtained from a limited number of species
and, sometimes, on crop plants.
The evidence that the cell wall can exert a protective role was
supported by studying Cd toxicity in crop plants. Pea plants were
shown to be more sensitive than maize plants to Cd exposure;
compared to pea plants, maize plants exhibited a higher percent-
age of cell wall-associated Cd, while pea showed higher content of
Cd in the cytoplasm (Lozano-Rodríguez et al., 1997). This finding
suggests that the cell wall acts as a barrier, preventing Cd from
entering the cytoplasm where it is extremely toxic for plant cells.
It is consequential that different cell wall structures and textures
might bind Cd differently and thus provide different levels of
protection. Comparable results were found in strawberry, where
the treatment with different concentrations of Cd highlighted
that the cell wall of leaves and roots is the primary reservoir for
Cd, with root cell walls showing higher binding capacity than
leaf cell walls (Zhang et al., 2010a). The fact that roots display a
higher accumulating capacity than leaves can be an index of their
protective activity preventing the entry and accumulation of Cd
in the cytoplasm. If the concept of the cell wall as a barrier is true,
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the differential accumulating capacity of plant cell walls has to
be found in their chemical and physical diversity. This diversity
can cover not only the polysaccharide component of the cell wall,
but also the protein fraction or modifications induced on one, the
other or both components.
PLANT CELL WALL COMPOSITION IN DIFFERENT ORGANS AND
TISSUES: LINK WITH Cd ABSORPTION AND TRANSLOCATION
Since Cd is primarily adsorbed at the root level, it follows that
the anatomy and molecular structure of the cell wall in root cells
is a critical parameter. Findings in different plant species indicate
that roots with higher content of suberin and lignin may be more
impermeable to Cd and therefore more resistant to its absorption
and translocation (Lux, 2010). Increased accumulation of suberin
was observed in the roots of the monocotyledonous medicinal
plant Merwilla plumbea exposed to Cd, a process interpreted
as a protective response against penetration of Cd in the cells
(Lux et al., 2011). The presence of root mucilage is another
factor playing an important role in Cd adsorption, as shown in
sunflower (Yang and Pan, 2013). The differential structure of roots
might explain why Cd translocation is different between plants
and variable even within the same taxonomic group.
Screening of different clones of Salix grown on identical real-
life soil revealed remarkable differences in the translocation of
Cd and other metals (Evlard et al., 2014b). Similar differences
were found in solanaceous plants (Yamaguchi et al., 2011), dif-
ferent poplar species (He et al., 2013) and between ecotypes of
the hyperaccumulators Thlaspi caerulescens and T. praecox (Xing
et al., 2008).
In plants restraining Cd in roots, Cd is sequestered in the
endoderm and the cortical regions of roots. When this filter
fails, Cd can penetrate the xylem vessels and translocate to the
shoot. Therefore, the specific composition of cell walls in the
endoderm and cortex is critical (Akhter et al., 2014). Ultimately,
the cell wall of roots is considered as an effective barrier against
penetration of Cd and a relationship can be established between
higher accumulation of Cd in the roots vs lower accumulation in
the leaves (Sun et al., 2013). This suggests that Cd-tolerance goes
through the capacity of roots to limit the diffusion of Cd towards
the entire plant.
The protective activity exerted by the cell wall may not only
depend on the polysaccharide fraction, but also on other cell
wall molecules that can bind Cd and other heavy metals. As
earlier suggested by Sanità Di Toppi and Gabbrielli (1999), the
response of later-diverging plants to Cd may involve different
types of molecular mechanisms, from the phytochelatin-based
sequestration, to cell wall immobilization and plasma membrane
exclusion, to the use of stress proteins. In this context, the cell wall
(by acting as a molecular barrier) may be part of both adaptation
mechanisms to permanent pollution and response mechanisms
to acute stress. However, additional factors might be required to
achieve full functionality and protection against Cd pollution.
In fact, in addition to the binding of Cd to polysaccharides and
proteins, tolerance to Cd might also involve the sequestration of
Cd complexes in the cell wall. In crop plants such as maize and
wheat, addition of P concomitantly to Cd treatment increased
the tolerance of plants to Cd (Zhimin et al., 1999). P may
associate with Cd thereby generating insoluble complexes that
remain within the cell wall. Combination of binding to P and
polysaccharides is also possible.
Therefore, the addition of P to contaminated soils seems to
modify their physiochemical status, making Cd less available for
plants, thereby improving the tolerance of plants to Cd pollution.
In addition, Cd accumulates more consistently in the cell wall of
plants growing on P-supplemented soils, which therefore hinder
its entry in the cytoplasm (Siebers et al., 2013).
If the differential capacity of plants to resist Cd is linked to the
chemical variability of their cell walls, it is clear that such variabil-
ity can be consistently increased by modifying the protein com-
ponent of the cell wall. Specific cell wall proteins could provide
an additional barrier by binding Cd and thus preventing it from
penetrating into the cytoplasm. In barley treated with Ni and/or
Cd, the apoplastic fraction of leaves showed increased amount
of apoplastic proteins that accumulate concomitantly with the
metal treatment (Blinda et al., 1997). Therefore, the response
of plants to contaminating metals may also involve the specific
de novo synthesis of proteins that potentially make plants more
tolerant. Proteins not directly involved in Cd binding have also
been reported to increase Cd tolerance in plants. As previously
discussed, an example is represented by cysteine-rich proteins
as identified in Digitaria ciliaris and Oryza sativa. The genes
coding for these proteins were found to be upregulated following
Cd treatment and transgenic plants overexpressing cysteine-rich
proteins are more tolerant to Cd stress by preventing entry into
the cytoplasm (Kuramata et al., 2009). This finding also highlights
the possibility of manipulating plants in order to increase their
mechanisms of tolerance to pollutant agents.
Accumulation of Cd in the cell wall (or more generally in
the apoplast) is also dependent on the efficient transport of Cd
through the plasma membrane so that cytoplasmic Cd can be
transported outside and incorporated in the cell wall. While doing
so, the content of cytoplasmic Cd decreases while Cd accumulates
in the cell wall. Transport of Cd through the plasma membrane is
likely dependent on membrane transporters. Their involvement
is also suggested by indirect evidence showing that, while Cd
is promptly adsorbed in the cell wall, its influx in the symplast
is linear with Cd concentration, which suggests the activity of
low-affinity transport systems (Redjala et al., 2009). Recently
the transporter IRT1 (IRON-REGULATED TRANSPORTER 1)
was shown to be not only involved in the uptake of iron,
but also of toxic metals, among which Cd (Barberon et al.,
2014). This root transporter is recycled via a mechanism involv-
ing a phosphatidylinositol-3-phosphate-binding protein, FYVE1,
which controls its delivery to the outer plasma membrane domain
of root epidermal cells.
These observations stress the importance of studying the cell
wall structure of both tolerant and resistant plants in order
to identify those molecules that provide the highest protection
against Cd. One example of an important molecule is lignin. The
protective activity of lignin is suggested by pretreatment of wheat
plants with wheat germ agglutinin, which generally exerts an ame-
lioration of Cd effects. This pretreatment likely involves a different
balance between hormone levels but an important phenotypic
effect is an accelerated lignification of cell walls (Bezrukova et al.,
Frontiers in Plant Science | Plant Genetics and Genomics March 2015 | Volume 6 | Article 133 | 6
Parrotta et al. The cell wall against cadmium
FIGURE 1 | How the cell wall can act as a barrier against Cd pollution.
Plant cells can counteract the toxicity of Cd in several ways and the cell
wall actively participates to most of these mechanisms. Apart from
mechanisms of sequestration based on the activity of vacuoles and
phytochelatins, additional decontaminating activities can be exerted by the
cell wall. For example, specific polysaccharides of the cell wall can bind Cd
through sulfated moieties (although this situation is restricted to very few
cases, e.g., seaweeds and vascular plants adapted to inhabit saline
environments). Cd might also be sequestered in the cell wall by the activity
of either cell wall-associated proteins or cell wall phosphates. An additional
barrier might be represented by secondary modifications of the cell wall,
such as lignin deposition.
2011). Such secondary modifications might render cell walls less
permeable to Cd thus limiting its entry in the cell. Lignin can
also bind Cd thereby inhibiting its diffusion into the cells. Higher
abundance of lignin in secondary cell walls might thus make
plants more tolerant to the effects of Cd treatment.
In Pisum sativum leaves, lignin was shown to be deposited
following Cd stress and this process was accompanied by an
oxidative burst in the xylem vessel cell walls (Rodríguez-Serrano
et al., 2009). Moreover, Cd was shown to favor the process of
xylogenesis, by inducing the activity of enzymes via H2O2 accu-
mulation (Schützendübel et al., 2001). The use of sophisticated
labeling techniques involving quantum dot technologies can high-
light the interaction between Cd and specific cell wall components
(Djikanovic et al., 2012). The multitude of activities of the cell wall
as a barrier against Cd pollution is schematically summarized in
Figure 1.
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THE CELL WALL AS TARGET: EFFECTS OF Cd ON CELL WALL
SYNTHESIS AND COMPOSITION
In the previous paragraphs, the cell wall has been considered as
a potential reservoir for Cd and thus as an efficient barrier to
its penetration in the plant. In some cases, Cd is not efficiently
neutralized and it might become an injuring factor by affecting
the structure of cell walls. The toxic activity of Cd can be exerted
at different levels. Cd can alter the physical structure of the
cell wall by interacting with negatively charged molecules (i.e.,
carboxyl groups and sulfates). In this way, Cd can substantially
modify the cell wall resistance to turgor pressure thereby making
the cells weaker. In addition to interacting with the polysaccha-
ride component, Cd can interfere with the enzymatic activities
present in the cell walls by inhibiting the enzymatic reactions
that strengthen the cell wall structure. Furthermore, Cd can
affect directly or indirectly the synthesis of cell wall compo-
nents, or interfere with the transport of the latter to the final
destination.
Presence of Cd also affects the deposition pattern of pectins.
In the hypocotyl of Linum usitatissimum, the presence of an
excess of Cd changes the ratio between low and high methyl-
esterified pectins, causing the former to accumulate consistently
in epidermal cells and determining the collapse of the sub-
epidermal cell layer (Douchiche et al., 2007). This unbalance
affects the primary walls and may cause swelling of hypocotyl
tissues. It is not clear how Cd determines such effects, but it is
likely that it alters the expression level of pectin-metabolizing
enzymes such as pectin methyl-esterase (PME). Overexpression
of this enzyme can change the ratio between low and high
methyl-esterified pectins by altering their level of esterification.
This leads to a relatively higher abundance of acidic pectins
and extremely impairs the shaping of plant cells, which is based
on a precise balance in degree of esterification. In addition to
changing the degree of esterification of pectins, Cd can also
affect more generally the chemistry of these polysaccharides for
example by altering the expression of peroxidases, which in their
turn alter the chemical structure of homogalacturonans (Paynel
et al., 2009). The effects caused by Cd on the development
of cell walls and, more specifically, on pectins might be more
subtle and not immediately appreciable. This is the case for
flax fibers where Cd treatment affects the deposition of sec-
ondary cell walls in terms of adhesion of cellulose microfibrils.
On the contrary, the effects on both low and high methyl-
esterified pectins are not immediately explicable (Douchiche
et al., 2011).
That pectins are important in binding Cd is demonstrated by
experiments with plants grown in P deficiency. Lower levels of
P alleviate the negative effects caused by Cd because P reduces
the content of pectins and PME in the cell wall. The reduced
level of this enzyme enhances the ratio between low and high
methyl-esterified pectins further, making a lower number of active
sites available for Cd binding, thereby triggering a heavy metal-
exclusion mechanism (Zhu et al., 2012).
Further studies on the role of pectins in response to Cd
exposure were carried out in rice. The addition of NO donors
concurrently with Cd treatment makes plants more resistant to
Cd injuries. The resistance is mainly based on the overproduction
of pectins and on the simultaneous reduction of cellulose levels
(Xiong et al., 2009). It is likely that pectins are Cd adsorbent via
carboxylic groups, thus preventing the metal from entering the
cytoplasm. It would be fascinating to analyze if NO donors alter
the expression of genes coding for enzymes involved in pectin
synthesis. The possible role of NO in alleviating the symptoms
caused by Cd treatment has been already reviewed (Xiong et al.,
2010).
The evidence that toxic elements such as heavy metals could
bind to pectin in the cell walls has been already observed and
described (Malovikova and Kohn, 1982). There is a vast literature
on the chemical interaction between heavy metals and pectins
(Krzesłowska, 2011) although the exact mechanism of damage
caused by Cd on pectins is not completely clear. It is likely that
Cd can substitute calcium ions thereby modifying the rigidity
of the pectin skeleton. This fact has been suggested in the alga
Ulva lactuca where the rhamnose subunits are cross-linked by
calcium and the replacement of calcium by Cd can decrease
the rigidity of the cell wall (Webster and Gadd, 1996). It is
noteworthy that calcium can alleviate the injuries caused by Cd,
likely either because calcium can compete for the binding to
cell wall polysaccharides, or Cd might use calcium channels to
penetrate inside cells (Suzuki, 2005). At the cellular level, Cd can
induce remarkable aberrations on the cell wall structure resulting
in changes in cell shape (Sawidis and Reiss, 1995; Sawidis, 2008).
These observations are consistent with the hypothesis that Cd
interferes with the process of cell wall structuring probably by
altering the exact arrangement of pectins. In some experimental
cases, exposure to soils contaminated with Cd induces a gen-
eral increase of the levels of pectin and a reduction of methyl-
esterified pectins (Astier et al., 2014). Nevertheless, understanding
exactly the alterations induced by Cd on the structure of the
pectin skeleton is not simple and the use of antibodies directed
against different chemical forms of pectin cannot help to define
exactly how Cd damages the pectin cell wall (Douchiche et al.,
2011).
Direct effects of Cd on the synthesis of other polysaccharides
(such as cellulose and callose) are not known. However, it was
reported that Cd triggers the accumulation of specific Cd-induced
glycine-rich proteins (cdiGRPs). These are cell wall-associated
proteins that might positively regulate the synthesis of callose.
The cdiGRPs likely work in cooperation with an additional cell
wall protein, the so-called GrIP (cdiGRP-interacting protein;
Ueki and Citovsky, 2005). The model proposed by the authors
suggests that Cd increases the post-translational accumulation of
cdiGRP, which is also dependent on the expression of GrIP. Once
accumulated in the cell wall, cdiGRP enhances the production
and/or accumulation of callose, which consequently represents
a cell wall adaptation to Cd pollution. Accumulation of callose
in response to metal stress probably does not involve altered
mechanisms of callose removal. In maize and soybean, treatment
with metals (including Cd) induces the accumulation of callose in
the cell wall. Results indicate that the accumulation is not related
to decreased enzymatic activity of glucanases and reinforce the
hypothesis that accumulation of callose is primarily dependent
on a higher rate of synthesis and/or deposition (Piršelová et al.,
2012). Like callose, there are few reports on the relationship
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between Cd and cellulose and the relationship between Cd
pollution and cellulose synthesis is far from being completely
understood.
The effects of Cd on cell wall synthesis might also be indirect.
Cd is known to affect the level of apoplastic sucrose proba-
bly by altering the activity of cell wall invertase. Consequently,
sucrose accumulates in the cell wall and decreases in the cyto-
plasm (Podazza et al., 2006). Lower levels of cytoplasmic sucrose
can have detrimental effects on cell wall synthesis by making
substrates for the biosynthesis of cell wall precursors less avail-
able. Synthesis of both cellulose and callose requires the addi-
tion of UDP-glucose, which can be produced by two different
metabolic pathways. The first requires the enzyme UDP-glucose
pyrophosphorylase (UGPase) that catalyzes the reversible pro-
duction of UDP-glucose and pyrophosphate from glucose-1-
phosphate and UTP; the second mechanism involves the activ-
ity of sucrose synthase, which breaks down sucrose (in the
presence of UTP) into UDP-glucose and fructose (Kleczkowski
et al., 2010). Lower levels of cytoplasmic sucrose may reduce
the activity of sucrose synthase and consequently may lower
the production rate of UDP-glucose. As sucrose synthase is
associated with both callose synthase and cellulose synthase
(Brill et al., 2011), it follows that the Cd-induced reduction of
cytoplasmic sucrose might affect the synthesis of cellulose and
callose.
Another pathway by which Cd can affect the synthesis and
deposition of cell wall is indirect and relates to the effects of
Cd on cytoplasmic streaming. It is known that delivery of cell
wall synthesizing enzymes requires an intact cytoskeleton and an
intact membrane system: cell wall synthesizing enzymes traffic
along the cytoskeleton, which guides the enzymes towards the
final insertion sites in the plasma membrane (Crowell et al.,
2010). The precise balance between insertion and removal of cell
wall synthesizing enzymes is critical to correctly deposit the cell
wall and to assemble a proper cell wall texture. Cd affects the
intracytoplasmic movement of organelles and vesicles in the epi-
dermal cells of the model plant A. cepa (Wierzbicka et al., 2007).
Cytoplasmic streaming disorders are likely to impact negatively on
the cell wall assembly. We do not know how Cd affects organelle
streaming, if through an unspecific pathway (for example, by
altering the ionic homeostasis of cells), or a more specific mech-
anism that directly inhibits the proteins involved in organelle
transport. Nevertheless, it is clear that Cd has a considerable
influence on the structure of actin filaments and consequently
on cytoplasmic streaming. In A. thaliana root hairs, Cd alters the
balance between influx and efflux of Ca2+, which consequently
abolishes the Ca2+ gradient. Since Ca2+ regulates the dynamics
of actin filaments in tip-growing cells, the Cd-induced imbalance
of Ca2+ has negative effects on actin filaments that consecutively
impair the motility of organelles and vesicles, as reviewed by
Wan and Zhang (2012). As observed by the authors, the cell
wall structure is also affected because of the altered cytoplasmic
streaming (Fan et al., 2011). The relationship between Cd and
Ca2+ is likely more complex than expected in view of the finding
that a member of the plant cadmium-resistance (PCR) protein
family is a Ca2+ efflux transporter, which is involved in the finer
regulation of intracellular Ca2+ concentration (Song et al., 2011).
The global effects of Cd on cell wall synthesis are summarized in
Figure 2.
Cd ACCUMULATION IN PLANTS: THE CASE OF
HYPERACCUMULATORS AND THE EFFECT OF NUTRIENTS
In the previous sections, data concerning how Cd can be a
harmful element for plants and how plants can respond to damage
caused by Cd were presented and discussed. Emphasis was put
on how evolutionarily-distant plants can respond in different
ways to Cd treatment; this is an indication that several different
mechanisms have evolved in response to Cd. In this section, the
focus will be put on those plants showing heavy metal hyperaccu-
mulating capacity, since they represent an extreme case. Moreover,
the study of their cell walls can lead to important observations,
which can be transferred to biotechnological approaches. In this
section considerations on the role of macro- and micro-nutrients
in the increased Cd accumulation/tolerance will also be made,
since this aspect is linked with the potential of enhancing the plant
capacity to accumulate Cd.
Hyperaccumulator plants are characterized by the extraordi-
nary capacity of accumulating Cd and of translocating it towards
the aerial parts of plants (namely leaves) and of detoxifying
the element locally (Rascio and Navari-Izzo, 2011). At the level
of leaves, Cd can be accumulated in specific sites, such as the
vacuoles or the cell wall. It is therefore possible to assume that
in hyperaccumulators the ability of the cell wall to absorb Cd is
so high that Cd fails to actively penetrate inside the cytoplasm
and remains confined within the cell wall. Even if the molecular
mechanisms working in hyperaccumulator plants are the same
as those present in Cd-resistant plants, the main difference is
that the former can concentrate Cd in the cell wall at extreme
levels without apparent damage. There are many examples of
hyperaccumulators and, as the study is continuing, new species
are added to this list. The root hairs of T. caerulescens, a metal
hyperaccumulator, can accumulate consistent levels of Cd in
their cell walls thereby preventing Cd from penetrating in the
cytoplasm (Nedelkoska and Doran, 2000). Massive accumulation
of Cd in hyperaccumulator plants is also based on complexes with
phosphates within the cell wall. However, not all cell types accu-
mulate Cd at the same level (Küpper et al., 2000). Accumulation
of Cd and Zn may have particular relevance in hyperaccumulator
plants, such as Sedum plumbizincicola, in which heavy metals are
chiefly accumulated in shoots and relatively less in roots (Cao
et al., 2014). Dittrichia viscosa is another model-accumulator
plant that accumulates large amounts of Cd in the cell wall
(Fernández et al., 2014).
The ability of certain species to accumulate Cd is linked
not only to the higher ROS scavenging activity, but also to Fe
homeostasis: studies carried out on the Cd-accumulator Solanum
nigrum and the low Cd-accumulating Solanum torvum showed
that Cd treatment caused a lower Fe accumulation in S. torvum
compared to S. nigrum (Xu et al., 2012b). This difference is related
to the increased expression of Fe transporters, namely IRT1, and
IRT2, in the roots of the Cd-accumulator S. nigrum (Xu et al.,
2012b).
The most important application of hyperaccumulator plants
is linked to the possibility of decontaminating polluted sites
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FIGURE 2 | Effects of Cd on cell wall synthesis. Cd might affect the
synthesis of cell wall components in many different ways. First, Cd can
affect the activity of pectin methyl-esterase (PME) that consequently affects
the balance between methyl-esterified and unesterified pectins. In turn, this
alters the elasticity of the cell wall. Second, Cd might affect the structure of
cellulose directly or indirectly by affecting the delivery of cellulose synthase
(CesA). The indirect interfering activity can be exerted by damaging the actin
filament structure or by affecting the uptake of sucrose (which provides the
metabolites for cell wall synthesis). Cd is also hypothesized to affect the
synthesis of callose by interfering with regulatory proteins. Finally, Cd can
also modify the lignification level of the cell wall, by acting on related
enzymes.
(see also “Future outlook”). Consequently, researchers are looking
for hyperaccumulators that can be used to detoxify contaminated
soils in an economically feasible and reasonable way. This has
been already proposed for two species of Iris (Han et al., 2007).
Those plants, capable of restoring optimal conditions in con-
taminated soils, have evolved molecular mechanisms to tolerate
high concentrations of contaminants. The acquisition of tolerance
to contaminants involves the development of mechanisms for
the accumulation of pollutants in specific cell sites, such as the
vacuole and cell wall of root cells where Cd might be complexed
with insoluble phosphates that strongly limit the translocation of
Cd to aboveground tissues and organs (Zhang et al., 2014b). This
suggests that the hyperaccumulating capacity of cell walls can be
induced or improved by adding specific chemical groups. This can
involve both the polysaccharide and the protein component of
the cell wall. In this respect, studies on transgenic tobacco plants
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overexpressing a xyloglucan endotransglucosylase/hydrolase gene
support this statement. In those plants, xyloglucans accumulated
at lower levels, which prevents plants from binding Cd. This
suggests that xyloglucans could be relevant binding sites for Cd
and are involved in Cd tolerance; conversely, plants with lower
levels of xyloglucans accumulate lower amounts of this heavy
metal (Han et al., 2014).
Another significant example is represented by the addition of
Si. Si considerably reduced the net influx of Cd by likely producing
Si-cell wall complexes that efficiently adsorb Cd thus preventing
its entry in the cytoplasm (Liu et al., 2013). In such a way,
the cell wall can be potentiated, thus becoming a more effective
barrier against Cd. The ameliorating activity of Si is dependent
on its concentration, as well as on the concentration of Cd, and
Si has a major effect on Cd influx by modifying the cell wall
texture. However, Si does not affect intracellular processes like
photosynthesis (Lukacová et al., 2013). In mangrove plants, Si is
known to alleviate the effects of Cd pollution by restricting Cd
to the cell wall of roots and reducing the concentration of Cd in
the symplast. Therefore Si enhances the capacity of cell walls to
restrain Cd, thereby limiting its diffusion (Zhang et al., 2014a).
The possibility of improving the hyperaccumulator capacity of
plants may not be simple, as the number of genes involved may
be huge. A preliminary assay in the hyperaccumulator S. alfredii
revealed that plants under Cd stress respond by modifying the
expression level of more than 100 genes responsible for different
functions (including cell wall modification; Gao et al., 2013).
Comparable analyses by using suppression subtractive hybridiza-
tion screens showed that the activity of several genes is important
in making plants of Salix caprea tolerant to Cd pollution. Some of
the investigated genes belong to the family of cell wall modifying
enzymes (Konlechner et al., 2013). This finding opens the way to
the identification of potential genes (and gene products) capable
of raising the tolerance capacity of plants against Cd.
The study of hyperaccumulators’ cell walls will lead to the
identification of those functional chemical groups capable of
absorbing high amounts of Cd thereby preventing its entry in
the cytoplasm. In addition to understanding the chemistry of this
process, it is also necessary to identify the cellular mechanisms
allowing the addition of such chemical groups in the cell wall (e.g.,
specific enzymes that modify the chemical structure of cell wall
components). It follows that the development of hyperaccumu-
lator plants requires a high level of knowledge. Ideally, the most
convenient result would be to combine the hyperaccumulating
capacity of non-crop plants (in which this process has been widely
studied) with the economically advantageous crop plants. By
transferring the genetic information at the base of Cd resistance
into crop plants, it will be possible to design improved plants
capable at the same time to detoxify the soil and to maintain the
soil productivity rate (Wu et al., 2010).
PLANT BIOTECHNOLOGY AND Cd TOXICITY: WHAT SHOULD
BE CONSIDERED?
The examples listed previously show that plants are equipped with
different mechanisms to cope with the toxicity induced by heavy
metals (Cd, specifically). Studying the variety of responses will
allow us to identify specific mechanisms used to tolerate large
doses of pollutant. Those mechanisms (based either on chelating
proteins, on general biochemical responses, or on sequestering in
the vacuole/cell wall) may not necessarily be present in plants of
economic interest and may concern either plant products or plant
waste. For example, an interesting applicative aspect concerning
the detoxifying ability of cell walls is the use of waste vegetable
components rich in pectins as biosorbent of heavy metals (Wan
Ngah and Hanafiah, 2008). The knowledge of these biosorbent
mechanisms can be used to develop plants capable of sequestering
Cd (hyperaccumulators; Douchiche et al., 2010). Pectins can also
find applications outside the plant context. Fruits rich in pectin
can absorb significant amounts of heavy metals (Schiewer and
Patil, 2008). Such technologies can be extended to pectin gels
extracted from commercial plants, such as sugar beet. Such stud-
ies, in addition to demonstrating that pectin-enriched matrices
can actually be applied for Cd removal, confirm that Cd binds
pectin matrices by removing calcium ions (Mata et al., 2009,
2010). Other food wastes have been proposed in this regard, for
example citrus peels (Schiewer and Iqbal, 2010).
Several studies have shown altered Cd accumulation in plants
engineered to express genes involved in heavy metal uptake,
translocation or chelation. For example, as previously mentioned,
tobacco plants expressing the Zn and Cd translocator HMA4 from
A. thaliana, which controls translocation to the shoot (Wong
and Cobbett, 2009), show decreased Cd accumulation, but also
deep transcriptional remodeling leading to increased lignification
(Siemianowski et al., 2014). Restricting the examples to the cell
wall, which is the topic of this review, the upregulation of a peroxi-
dase, O-methyltransferase and hydroxycinnamoyl reductase leads
to an increased deposition of lignin in a specific layer between
the root epidermis and the first cortical layer, which consequently
blocks Cd apoplastic movement towards the stele (Siemianowski
et al., 2014). These transgenic tobacco plants exposed to Cd,
however, show an enhanced Fe and Zn deficiency status linked
to the overexpression of two metal uptake genes, ZIP1 and IRT1
(Siemianowski et al., 2014). These results show how challenging
biotechnological prospects for improving heavy metal tolerance
in plants are, as plants overexpressing a specific gene might show
unfavorable/unexpected features linked to the response of the
host to the transgene.
The insertion of new genes whose products change the chemi-
cal structure of cell wall might be a way to engineer plants that are
more Cd-resistant. An alternative strategy would be to introduce
specific mutations in genes already present. Mutation in one gene
coding for a specific cellulose synthase subunit significantly alters
the content of cellulose and decreases the cell wall thickness in rice
plants. Although there were no clear phenotypical differences in
comparison to control plants, mutant plants showed a significant
decrease in the translocation rate of Cd along xylem vessels,
which appeared as abnormal in shape. The new morphological
structure of xylem, although not impairing the total shape of
plants, determines a consistent reduction in the transport of
Cd to leaves, thereby making rice plants more tolerant to Cd
pollution (Song et al., 2013). Together with other studies, this
finding highlighted that the translocation of Cd from roots to
shoots is likely more critical than the mere uptake of Cd at the
root level (Xin et al., 2013). Therefore, the accumulation of Cd
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in the leaves seems more closely related to the translocation rate
than to Cd uptake and reinforces the necessity of studying how
Cd is translocated through the xylem and the factors that can be
modified/regulated to delay such process.
The presence of the so-called “metal cross-homeostasis” has
been identified as a primary factor influencing the phenotype
of plants with a modified expression of genes involved in metal
homeostasis (Antosiewicz et al., 2014). This cross-homeostasis is
primarily due to the cross-talk existing between the homeostatic
mechanisms of different metals: for example the concentration of
different metals regulates the same players of the transcriptional
wiring, the same transporters and chelators (Antosiewicz et al.,
2014).
Approaches in biotechnology represent the most effective
way to engineer heavy metal accumulation in plants. In par-
ticular, three elements are relevant to devise effective engineer-
ing approaches for heavy metal uptake/accumulation in plants:
(1) the choice of specific promoters, for instance tissue-specific
promoters (Antosiewicz et al., 2014), which restrict eventual
modifications to a specific tissue or organ; (2) integrative studies
aimed at deciphering the response of plants to a specific metal at
a transcriptional, protein and metabolic level; (3) the choice of
the host to express a specific transgene. This last feature is very
relevant, as fast-growing plants with high biomass yield should be
preferred. As an example, fiber crops like hemp (Cannabis sativa
L.) represent very good candidates for engineering approaches.
Hemp has a deep root system, a fast growth rate and is known to
require less water than other crops (like cotton): all these features
make it extremely interesting for biotechnology. Moreover the
hemp genome has been sequenced (van Bakel et al., 2011), a
feature which can greatly favor the design of constructs, e.g.,
for synthetic biology. Last but not least, the tissues of hemp
stems show a great diversity of chemical composition: the core
is lignified, while the cortex is rich in cellulosic bast fibers.
This heterogeneity in cell wall composition offers a variety of
functional groups potentially useful for heavy metal sequestration
in hemp stem tissues.
FUTURE OUTLOOK: WHAT COMES NEXT?
To conclude this review, a list of points that need further study is
hereafter proposed to achieve a more comprehensive knowledge
of the mechanisms involved in Cd toxicity in plants and to devise
new strategies for the biotechnological improvement of plant
tolerance to toxic heavy metals.
(1) Studying how early- and later-diverging plants progressively
adapted and responded to Cd will reveal a particular mecha-
nism or even a combination of molecular mechanisms, which
could be used to improve the response of crop plants grown
on contaminated soils. In this context the coupling of–omics
sciences (transcriptomics, proteomics, metabolomics) and
advanced imaging techniques (namely mass spectrometry
imaging, like Secondary Ion Mass Spectrometry, SIMS) can
generate a wealth of information covering different levels of
biological complexity.
(2) Considering the chemical variety of cell walls and the poten-
tial diversity in polysaccharide and protein composition,
there might be several possibilities for the cell wall to interfere
with the toxic activity of Cd. Therefore, the study of cell walls
(in terms of assembly and composition) in hyperaccumula-
tors can provide important information on how to improve
the survival or the productivity of plants growing on Cd-
contaminated soils. In this context, it is important to identify
the natural targets of Cd at the cell wall level and to figure
out which of these targets can be modified to prevent the
negative effects of Cd. One approach to develop this point
is the functional study of those targets via generation of
mutants/overexpressors. The purpose of this approach is to
generate plants that either cannot absorb Cd or can sequester
Cd in the cell wall thereby reducing or avoiding detrimental
effects in terms of growth or productivity.
(3) Studies on the effects induced at the cell wall-level by the
application of beneficial mineral nutrients deserve further
attention. In particular the role of Si and P in alleviating
the toxic effects of Cd should be analyzed via an integrative
biology approach to identify the targets of this interaction.
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